We investigate the electronic transport properties across the pentacene/graphene interface. Current transport across the pentacene/graphene interface is found to be strikingly different from transport across pentacene/HOPG and pentacene/Cu interfaces. At low voltages, diodes using graphene as a bottom electrode display Poole-Frenkel emission, while diodes with HOPG and Cu electrodes are dominated by thermionic emission. At high voltages conduction is dominated by Poole-Frenkel emission for all three junctions. We propose that current across these interfaces can be accurately modeled by a combination of thermionic and Poole-Frenkel emission. Results presented not only suggest that graphene provides low resistive contacts to pentacene where a flat-laying orientation of pentacene and transparent metal electrodes are desired but also provides further understanding of the physics at the organic semiconductor/graphene interface.
Introduction
Organic semiconductors have recently attracted a great deal of interest due to their low cost of fabrication and potential applications on flexible substrates. Pentacene (C 22 H 14 ) , an organic molecule comprised of a string of five benzene rings, has become predominant in the field due to its relatively high mobility (⇠1 cm 2 V 1 s 1 ) and has been employed in various device geometries such as field effect transistors (FETs) [1, 2] , active matrix organic light-emitting diodes (AMOLEDs) [3] [4] [5] and photovoltaic (PV) devices [6, 7] . More recently, the molecular arrangement of pentacene grown onto highly ordered pyrolytic graphite (HOPG) [8] and graphene [9] substrates has been shown to be significantly different compared to the pentacene thin films grown on most metals; the alignment between the ⇡ orbital of sp 2 -bonded carbon (C) in graphene (or HOPG) and pentacene is optimized 3 Present address: Department of Materials Science and Engineering, University of California, Berkeley, CA 94720, USA. in such a way that pentacene molecules mostly orient themselves parallel to the graphene (HOPG) surface (see figure 1 ) while pentacene assumes a nearly vertical orientation when grown on most metals [10] .
Parallel orientation of pentacene allows higher mobility perpendicular to the substrate surface via coupling between the ⇡ orbitals, and improved device operation in vertically structured devices has already been displayed using pentacene on carbon nanotubes in the vertical FET (VFET) configuration [11, 12] . However, despite knowledge of the growth properties of pentacene molecules on these materials, the electronic transport across pentacene/graphene (or HOPG) junctions has not been investigated; these junctions are fundamentally interesting as they provide the building blocks for future applications, i.e. FETs, AMOLEDs and PVs, where knowledge of charge transport across the metal/semiconductor contacts is necessary.
In this paper, we study the electrical properties of Au/pentacene/graphene, Au/pentacene/HOPG and Au/pentacene/Cu diodes using x-ray diffraction (XRD), atomic force microscopy (AFM), current density (J) versus applied voltage (V) measurements and micro-Raman spectroscopy. We first consider the effects of exposing our samples to air as environmental stability is necessary for many device applications: in vacuum, diodes display poor rectification and upon exposure to the atmosphere the forward current density (J for ) increases while the reverse current density (J rev ) decreases, resulting in marked improvement in the diode characteristics. Next, we consider electrical characteristics of pentacene/graphene junctions and find that pentacene/graphene diodes exhibit two distinct characteristics different from those shown by pentacene/HOPG and pentacene/Cu junctions: (1) at low bias the charge transport across the pentacene/graphene interface is dominated by Poole-Frenkel conduction, whereas pentacene/HOPG and pentacene/Cu transport is dominated by thermionic emission and (2) the low density of electronic states around the Fermi level (E F ) of graphene results in reduced rectification at the pentacene/graphene interface through Schottky barrier height lowering with applied bias.
Experimental details
Graphene sheets were first grown by chemical vapor deposition (CVD) onto 25 µm thick copper foils using conventional CVD recipes [13] . After the growth, 1 µm thick poly(methyl methacrylate) (PMMA) (11% anisole) was spin-cast and hardened through post-baking at 125 C. The backside of the Cu samples was etched in O 2 plasma to remove unwanted graphene, then treated overnight in 0.05 mg l 1 Fe(NO 3 ) 3 solution to remove the Cu foil, leaving behind graphene sheets adhered to PMMA. After etching the Cu foils, graphene/PMMA sheets were washed in deionized water repeatedly to remove contaminants absorbed on the surface during the chemical etching step. HOPG samples used in pentacene/HOPG junctions were cleaved from 0.5 mosaic-spread samples to form 2 mm thick samples, which were then exfoliated to yield a flat surface for pentacene deposition. To compare electrical properties of pentacene/graphene and pentacene/HOPG junctions to those of typical pentacene/metal junctions, we have prepared pentacene/Cu (25 µm thick Cu foils) diodes as well. Since the work function of Cu ( Cu ⇠ 4.65 eV) is very similar to that of HOPG and graphene ( HOPG ⇠ 4.6 eV), pentacene/Cu diodes are expected to yield similar Schottky barrier heights at the interface, thus allowing us to distinguish differences between conventional metal-and graphene-based pentacene diodes.
Pentacene (Aldrich 99%) films, 400 nm thick, were grown as supplied through thermal vapor deposition from an effusion cell at 220 C and pressures of 10 7 Torr at a rate of 2-4Å s 1 onto graphene, HOPG and Cu substrates. The growth direction of pentacene was measured by x-ray diffraction (XRD) in the ✓ -2✓ configuration and confirmed by atomic force microscopy (AFM).
After the pentacene deposition, diodes were transferred to a separate vapor deposition chamber and 40 nm thick Au contacts were grown onto pentacene at a rate of 2Å s 1 . Both deposition chambers were housed in a glovebox and kept in an argon environment with an O 2 concentration of less than 0.1 ppm. After fabrication, samples were exposed to ambient atmosphere where current-voltage measurements were taken with a Keithley 2400 sourcemeter immediately upon exposure to air and again after 24 h, thus giving ample time for oxygen to diffuse throughout the sample [17] .
J-V measurements were taken in the two-contact geometry as illustrated in figure 1 where electrical contact was made between the top Au contact and the bottom graphene, HOPG or Cu electrode. In forward bias a positive voltage in the range 0-4 V was applied to the gold contact, which acts as an ohmic contact to the pentacene. For reverse bias measurements, voltages were swept from 0 to 7 V.
Results

Pentacene orientation
In figure 2 (a), we provide direct evidence that pentacene grows in a nearly vertical orientation when deposited on Cu and mostly flat-laying when deposited on HOPG and graphene surfaces. While the XRD data taken on pentacene/Cu displays (001) and related higher-order peaks, implying that the pentacene orients in the vertical direction consistent with previous studies [8, 14] , data taken on pentacene/HOPG shows (022) and ( 210) peaks, indicating a horizontal alignment. Considering the similarities between the two sp 2 -bonded carbon allotropes, similar growth properties can be expected for pentacene on graphene. However, our results reveal that pentacene grows mostly parallel to the graphene surface ( (022) and ( 210)) but with some areas exhibiting vertical growth (001). Such differences between pentacene growth on graphene and HOPG might be associated with the quality of the graphene sheets including holes and disorder in the graphene introduced through chemical processing.
AFM images confirm the differences in pentacene growth modes. Pentacene grown on Cu yields large, regularly shaped grains in agreement with (001) growth [15, 16] with an RMS roughness of 22.2 nm, whereas pentacene on HOPG exhibits smaller, thinner grains with an RMS roughness of 14.2 nm. Pentacene on graphene yields a combination of both growth modes: predominantly thin oblong grains with a few more regularly shaped areas and an RMS roughness of 25.1 nm. Together, AFM images and XRD data confirm the nearly vertical growth of pentacene on Cu substrates, the nearly flat orientation of molecules on HOPG and a combination of growth patterns on graphene.
Atmospheric effects on diode performance
In figure 3 , we show J-V characteristics of pentacene on graphene, HOPG and Cu substrates immediately after exposing diodes to ambient air (blue triangles) and after 24 h (red squares). Additional measurements (not shown) were taken after one week of exposure; electrical characteristics showed no change after the initial 24 h, thus indicating full saturation of oxygen as well as environmental stability. After saturation, all three types of diodes exhibit higher Schottky rectification ratios with increased J for and decreased J rev . During exposure, oxygen from the atmosphere penetrates to all layers of the diode, i.e. the pentacene/bottom electrode interface, the bulk pentacene and the Au/pentacene interface. However, oxygen diffusion to the pentacene/bottom electrode does not form an oxide on either graphene or HOPG, while the oxide formed on copper substrates is sufficiently thin (previous studies have shown copper oxides to be less than 5 nm thick even after 24 h exposure to air [18] ) to allow a high tunneling probability and thus still yields typical Schottky behavior, in agreement with previous studies on very thin oxide metal oxide semiconductor devices [19, 20] . Additionally, oxygen can enter the bulk to hole-dope pentacene, resulting in an increase in charge carriers that contribute to the increase in J for in all three types of diodes as seen in figure 3 . Most significantly, oxygen penetrates to the Au/pentacene interface and enhances the ohmic nature of the contact.
In vacuum, an interface dipole exists at the Au/pentacene interface, resulting in a discontinuity between the vacuum levels of these materials and thus creating an initial Schottky barrier while samples are kept in vacuum [21] . This phenomenon arises because, unlike the band structure of conventional semiconductors and metals, organic materials are characterized by molecular orbitals in which electrons are relatively localized. Since electrons are not free to move throughout the organic material, there is a high local electron density at the organic/metal interface that consequently increases the Coulomb repulsion, suppressing the electron wavefunction from the metal. This results in a discontinuity of vacuum levels between the two materials, systematically decreasing the effective work function of the metal and resulting in an initial barrier at the desired ohmic contact. The hole injection barrier at the Au/pentacene interface is found to be lower after exposure to ambient air, in agreement with previous experiments [22, 23] in which passivation of an Au/organic interface leads to a reduced barrier height. In fact, exposure to the atmosphere nearly eliminates the barrier between gold and pentacene, allowing the flow of holes from the semiconductor to the metal. Thus oxygen saturation at the Au/pentacene interface improves diode performance by promoting hole injection from the gold contact, improving the ohmic nature of the contact.
Current transport processes across rectifying junctions
As discussed above, the ohmic contact in a Schottky diode is essential in making electrical contact to the semiconductor. However, transport across the pentacene/bottom electrode interface is far more interesting as it is this interface that is responsible for the rectifying behavior of the diode. We now turn our attention to the nature of the transport across the pentacene/graphene/HOPG/Cu diodes after oxygen saturation (and thus a satisfactory ohmic contact at the Au/pentacene interface) has been achieved.
Traditionally, metal/semiconductor contacts are described by the Schottky-Mott model, in which an abrupt junction between the metal and semiconductor is assumed. In the ideal limit, electronic transport across the interface can be described by thermionic emission [24] :
where
] is the saturation current density, q B is the zero bias Schottky barrier height (SBH) defined for a metal/organic p-type semiconductor interface as the difference between the organic material's highest occupied molecular orbital (HOMO) level and the metal work function ( m ), A ⇤ is the Richardson constant, T is the absolute temperature, ⌘ is the ideality factor and V is the applied voltage. An energy level diagram for the pentacene/graphene interface using this model is shown in figure 4 (a). According to (1), J-V curves for Schottky diodes exhibit linear voltage dependence when plotted on a semilogarithmic scale (ln J-V). Consistent with this picture, pentacene/HOPG and pentacene/Cu diodes display adequate linearity in the forward bias (in the 0-0.5 V range) ( figure 4(b) ), so that the ideality factor and the SBH can be extracted. In this voltage range, Schottky barrier heights of ⇠0.49 eV and ⇠0.52 eV for pentacene/HOPG and pentacene/Cu diodes, respectively, while extracted ideality (⌘) varies from ⇠2.5 for copper diodes to ⇠3.0 for HOPG diodes. Upon reaching a threshold voltage (⇠0.5 V), the ln J-V plots deviate from linearity, whereupon calculated idealities exceed acceptable values (⌘ 10), implying poor agreement with the thermionic emission model.
Within the Schottky-Mott model, graphene is also expected to form a Schottky barrier at the pentacene/graphene interface with similar electrical characteristics to those observed for pentacene/HOPG diodes due to the similar workfunction values and surface structures. Surprisingly, graphene/pentacene diodes' electrical characteristics differ significantly from those of HOPG-and Cu-based diodes: while the pentacene/graphene diodes show rectification after atmospheric saturation (though to a lesser extent than HOPG and Cu diodes), the absence of linearity in the graphene ln J-V plot suggests strong deviation from the conventional thermionic emission model. The observed deviation from linearity can be attributed to (1) the existence of additional current transport processes at the pentacene/graphene interface, which contribute to the total current across the junction that overcomes the current due to thermionic emission, and (2) a low density of states around the Fermi energy (E F ) of graphene that results in a voltage-dependent SBH.
3.3.1. Poole-Frenkel conduction. We first turn our attention to the additional current processes at the pentacene/graphene interface that result in deviation from thermionic emission theory. It has previously been shown that, for disordered and amorphous semiconductors, the thermionic emission model fails due to the existence of trap centers in these materials, which lower the effective barrier height by introducing bound states as described by the Poole-Frenkel (PF) model [25, 26] . In this model, charge carriers need only a small activation energy before they can tunnel to localized trap sites in the semiconductor. Trap sites act as potential wells from which charges can be removed by thermal activation. The energy needed to remove an electron from a trap site is equal to the difference between the SBH of the metal/semiconductor junction and the potential-well height of the trap [27] as illustrated in the energy band diagram shown in figure 4(c) . The application of an electric field can modify the potential barrier of the trap sites resulting in a field-dependent mobility:
, which can be applied to the drift current equation, J = qnµE, to yield the Poole-Frenkel current density [29] :
where q is the electron charge, n is the electron charge density, µ 0 is the zero-field electron mobility, E is the electric field extracted from V/d where d is the thickness of the deposited pentacene, and = [q/(⇡✏✏ 0 )] 1/2 , where ✏ is the relative dielectric constant of the material. According to (2) , if the current across the interface is dominated by the PF process, plotting J-V in the ln(J/E) versus p E form yields a linear plot. The PF plots of ln(J/E) versus p E for pentacene on graphene, HOPG and copper substrates are illustrated in figure 4(d) . Here, we note that the pentacene/graphene diodes show excellent linearity throughout the entire voltage range (0-4 V) while pentacene/HOPG and pentacene/Cu diodes deviate from linearity at lower electrical field values (corresponding to an applied bias of ⇠0.5 V). Observed nonlinearity at low voltages in PF plots of pentacene/HOPG and pentacene/Cu is not surprising since in this voltage range current processes are well described by thermionic emission as shown by the observed linearity in the ln J-V curves in figure 3 . However, as forward bias approaches higher voltages, the ideality constant for both pentacene/HOPG and pentacene/Cu diodes (obtained from (1)) reaches values well exceeding ⌘ = 10, implying that the total current density across the junction cannot be expressed by the thermionic emission theory alone; PF charge transport dominates the electric transport at the junction under large applied biases.
As increased voltage is applied across the junction, there is a corresponding decrease in the contact resistance across the barrier and the conduction becomes bulk-limited. Grain boundaries and other defects in the bulk crystal form trap centers which become filled only at high fields as seen by the linearity of PF plots for all three substrates above ⇠0.5 V.
We see further evidence of PF conduction by looking at the PF slopes of the three types of diodes, which determine the value in the J PF . This value is directly affected by the dielectric constant, which, in an anisotropic molecule such as pentacene, is found to have different values along the long and ⇡ orbital axes [30] . We note that at high voltages both pentacene/graphene and pentacene/HOPG exhibit a similar slope, indicating that they exhibit similar molecular orientation. Pentacene/Cu diodes, however, do not show the same PF slope, confirming that pentacene adopts a different orientation when deposited on Cu.
The observed linearity in the ln(J/E) versus p E curve for graphene/pentacene diodes (green squares in figure 4(d) ) across the entire voltage range implies that total current density is described by the PF process even at low fields; whereas conduction across the pentacene/HOPG (blue triangles) and pentacene/Cu (red squares) diodes is predominantly characterized by thermionic emission at low electric fields and becomes PF-like only at high fields. Here, we note that, even though the orientation of pentacene growth on both graphene and HOPG is similar, the electric transport at the pentacene/bottom electrode junction differs dramatically. Therefore, we argue that, though we initially hypothesized that the orientation of pentacene growth would greatly affect the charge transport across the pentacene/bottom electrode junction, it seems that the orientation of pentacene molecules only affects the value of the PF conduction and does not control whether PF conduction or thermionic emission is the dominant current mechanism.
We instead attribute the contribution of PF conduction to the number of activated trap centers at both the interface and in the bulk semiconductor. Despite the similarities between the first few layers of HOPG and CVD graphene, the cleaved HOPG is known to be defect-free while chemical treatments to release graphene from Cu foils and techniques to transfer graphene onto various substrates are known to induce disorder, vacancies and impurities at the graphene surface. To this end, the Raman data (see figure 5 ) taken on the graphene/PMMA show a clear D peak, associated with the disorder induced in graphene during the processing steps, located at 1340 cm 1 . Since the PF conduction is activated by trap centers, we believe that PF conduction observed in pentacene/graphene diodes may be driven by the introduction of interfacial trap centers at defect sites in the processed CVD graphene, in agreement with the high disorder peak (D peak) intensity observed via micro-Raman spectrum measurements. However, the D peak does not exist in HOPG and pentacene/HOPG devices (figure 2) implying low disorder and the absence of charge traps at the pentacene/HOPG interface.
Schottky barrier height lowering in graphene diodes.
In addition to the presence of interfacial trap centers, we attribute PF conduction at low voltages in pentacene/graphene diodes to the inherently low density of states in graphene, which under an applied voltage allows a dramatic change in the surface charge density around E F , thus changing the graphene (and to a lesser extent HOPG) work function. Hence, as voltage is applied to a graphitic material, the SBH becomes a bias-dependent quantity, unlike in conventional pentacene/metal diodes where an applied voltage does not noticeably affect the E F of the metal due to a high density of states.
This effect is observable for the pentacene/graphene diodes in reverse bias, where thermionic emission log J-V plots as seen in figure 3 show an increase in J rev with an increase in applied bias, resulting in reduced rectification, in agreement with previous work on conventional semiconductor/graphene junctions [31, 32] . Similarly, diodes fabricated on HOPG substrates, where the surface mimics that of a single sheet of graphene (bond polarization theory) [33, 34] , also show increased J rev with increased bias in the reverse direction due to a lowered SBH. However, the effect is minimal in HOPG diodes where rectification is orders of magnitude larger than for the graphene diodes due to the slightly larger density of states in HOPG. In fact, SBH lowering is so severe in graphene diodes that rectification is nearly eliminated, only reaching about three times rectification (where rectification is defined by the ratio J For :J Rev ), indicating that the increased PF behavior of pentacene/graphene diodes at low voltages may be, in part, due to a lowered contact resistance via a change in Fermi level with applied voltage. As in the high voltage case, a lowered contact resistance would yield increased sensitivity to bulk impedance caused by trapped charge centers in the bulk, leading to increased PF currents.
Conclusions
Since the thermionic emission and Poole-Frenkel processes are simultaneously occurring across the junction (depletion width of the diode), the conductivities are additive. Using (1) and (2), the total conductivity can therefore be written as
where the electric field E from (2) in the PF term has been replaced by V/d, where d is the thickness of the semiconductor. The coefficient is a function of the activated trap centers in the material. In the limit of zero interfacial trap centers and initially zero charged trap centers in the bulk ( ⇠ exp p n trap [35] ! 0), the PF term becomes negligibly small and the ideality constant approaches unity. In this limit, the current density across the interface can be well described by (1) and the ln J-V plots are linear [31] .
As the applied voltage is increased, contact resistance at the interface decreases and an increasing number of traps in the bulk pentacene become activated. Hence increases with increasing voltage, ln(J total ) is no longer directly proportional to V and thermionic emission plots become nonlinear. Instead, as trap centers are filled in the bulk, the number of accessible trap states becomes nonzero ( ⇠ exp p n trap 0) and the J PF emission term overtakes the J TE term such that ln(J/E) versus p E plots display linearity( figure 4(d) ).
For the case of pentacene/graphene diodes, trap centers at the graphene surface also contribute to a nonzero even at low voltages. Additionally, the effects of SBH lowering from a voltage-dependent E F yield an increased ⌘ value, thus lowering the J TE value. The contributions of these two factors to simultaneously raise both and ⌘ allows the J PF term to dominate over the J TE term at low voltages and are responsible for the striking linearity of the pentacene/graphene ln(J/E) versus p E plot across the entire voltage range. In conclusion, we have studied the growth modes and electrical characteristics of the pentacene/graphene interface and have drawn comparisons to transport observed across pentacene/HOPG and pentacene/Cu junctions. We find similarity in the effects of oxygen exposure to all three types of diodes through increased rectification (higher J for and lower J rev ), yielding stable characteristics after one day of exposure to ambient atmosphere. After oxygen saturation, J-V characteristics of the pentacene/graphene diodes differ significantly from those of pentacene/HOPG and pentacene/Cu diodes despite pentacene exhibiting mostly similar growth patterns on graphene and HOPG substrates. While the electric transport across the pentacene/HOPG(Cu) diodes can be described by thermionic emission in low electric fields and Poole-Frenkel emission in the high field limit, pentacene/graphene diodes can be described by the Poole-Frenkel current mechanism in both low and high fields. We attribute these differences not primarily to the orientation of pentacene molecules as predicted, but instead to the enhancement of Poole-Frenkel emission in graphene diodes associated with the higher disorder in CVD-grown graphene which induces a higher density of trap centers in pentacene, and to the reduction of thermionic emission through bias-induced Schottky barrier height lowering due to the low density of states around the graphene Fermi level.
Study of the transport properties across the pentacene/graphene interface suggests that, rather than exhibiting large rectification, graphene provides a low resistance bottom contact to pentacene. These results explain how vertically structured devices can still take advantage of pentacene's high mobility axis by orienting the majority of pentacene molecules parallel to the graphene's surface, while at the same time reducing the resistivity across the pentacene/graphene junction through enhanced PF emission and SBH lowering. Consideration of current mechanisms across this interface is vital to the further integration of these two prominent materials into device applications in the ever-growing semiconductor industry.
